This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. Full terms of use are available: http://www.bristol.ac.uk/pure/about/ebr-terms 
INTRODUCTION
Elementary bimolecular chemical reactions are the basic steps of many more-complex chemical processes; consequently, their rates, mechanisms and reaction dynamics have been extensively studied by both experimental and theoretical methods. 1, 2 Many of these studies have concentrated on radical reactions in the gas phase. Under gas-phase conditions dominated 3 by isolated collisions, competing reaction pathways can be distinguished, as can the release of excess energy from exothermic reactions into specific translational, rotational, vibrational or electronic degrees of freedom of the reaction products. These types of observation reveal detailed information about the structures of key intermediates along the reaction path.
Reactive collisions cannot be considered to occur in isolation in the liquid phase, where many important synthetic and biochemical processes take place. Instead, the surrounding solvent interacts continuously with the reacting species and can modify energy barriers, reaction pathways, product yields and the flow of any energy released. 3 These interactions occur on ultrafast (femtosecond to picosecond) timescales, but non-equilibrium reaction dynamics reminiscent of the gas-phase can persist if reactive events are fast enough to compete with the response of the surrounding solvent. [4] [5] [6] [7] [8] To investigate some of the effects of solvent on the dynamics and pathways of bimolecular reactions, ultraviolet (UV) photolysis of dissolved cyanogen iodide (ICN) has been employed as a source of CN radicals. 4, 5 These reactive radicals typically abstract hydrogen atoms from organic molecules as shown by Equation (1) , and the reactions with alkanes have been extensively studied in the gas phase. [9] [10] [11] [12] [13] [14] CN + RH → HCN(v1,v2,v3) + R
Here, (v1,v2,v3) denotes the number of quanta of the three vibrational modes of HCN, the C-N stretch (v1), bend (v2) and the C-H stretch (v3). These reactions typically release more than 100 kJ mol -1 of energy, and a significant fraction flows into the internal vibrational modes of the products. The potential energy surfaces (PESs) for these reactions have early and low energy barriers, with a flat angular dependence at the transition state. 15, 16 Consequently, the energy released by the reaction excites the HCN in the C-H stretching and bending vibrations. 4 Reactions of the type illustrated by Equation (1) have also been investigated in solution in common chlorinated organic solvents. For example, Orr-Ewing and coworkers explored the reaction dynamics of CN radicals with various organic molecules (cyclohexane, d12-cyclohexane, tetramethylsilane, tetrahydrofuran (THF), acetone) in chloroform and dichloromethane using time-resolved vibrational absorption spectroscopy (TVAS). [17] [18] [19] [20] [21] The experimental measurements demonstrated that the degree of vibrational excitation of the nascent products is reduced in the liquid phase, but signatures of the gas-phase dynamics remain. Complete quenching of nascent vibrational excitation by interaction with the solvent bath can take tens to hundreds of picoseconds in chloroform and dichloromethane solutions. 4, 5, [17] [18] [19] 22 Modifications of the reaction mechanism by interactions with the solvent bath include formation of complexes between CN radicals and solvent molecules. 23, 24 The current study extends these prior investigations to reactions of CN radicals in acetonitrile (CH3CN or CD3CN), which is chosen because it is a more strongly interacting solvent than chloroform and dichloromethane. The response of acetonitrile molecules to changes in polarity in solutes is known to be fast, 25, 26 with sub-picosecond restructuring of the solvent shell. We consider reactions of the CN radical with both the acetonitrile solvent and with THF or methanol (CH3OH) present as co-solutes. We observe the production and loss of CN radicals by transient electronic absorption spectroscopy (TEAS), and use TVAS to monitor the outcomes of competing chemical reactions. Abstraction reactions of the type represented by Equation (1) occur, but we also report evidence of a pathway involving addition of a CN radical to the nitrile group of the acetonitrile solvent.
EXPERIMENTAL DETAILS
Transient absorption spectroscopy experiments were performed using the ULTRA laser system at the Central Laser Facility of the Rutherford Appleton Laboratory, 27 or an ultrafast laser 5 system at the University of Bristol. The details of each system and our experimental methods have been described previously, 19, 28 therefore only a brief description relating directly to the current study is provided here.
ICN (98%; Acros Organics) was recrystallized from toluene (Sigma-Aldrich, analytical grade) solution before use. The ICN samples were prepared as 290 mM solutions in CH3CN, CD3CN, THF in CH3CN, neat THF, or methanol in CH3CN (all solvents from Sigma-Aldrich, analytical grade; d3-CD3CN 99.5 atom%). Measurements were carried out in a Harrick cell with a 380-μm thick PTFE spacer and CaF2 windows and the 5 -10 ml sample solutions were circulated by a peristaltic pump. The reactions were initiated by a 267 nm UV pulse (duration ~ 50 fs;
1 J per pulse) and probed by transient infrared (IR) absorption using a ~500 cm -1 (~300 cm -1 for the Bristol laser system) bandwidth IR laser pulse for TVAS experiments or by transient UV/vis absorption using a broadband white light continuum (340620 nm) for TEAS experiments. The chosen ICN concentration gave an absorbance of 1.0 at the 267-nm excitation wavelength.
Density functional theory (DFT) calculations of harmonic vibrational frequencies were performed using the Gaussian 09 package and the B3LYP density functional with the 6-311++G(3df,3pd) basis set. 29 This method was chosen because of its good balance between computational efficiency and reliability, as well as the availability of scaling factors for infrared frequency calculations. DFT calculations using the BPW91 functional were also conducted to confirm the results obtained using the B3LYP method. Various types of methods for calculation
of harmonic vibrational frequencies were tested, but calculated frequencies obtained with the BPW91 functional provided the best results for our system without using a scaling factor, as ascertained by comparison with steady state FT-IR spectrum of stable compounds such as CH3CN, CD3CN and HCN. 6 
RESULTS AND DISCUSSION
Unravelling the chemistry that occurs following UV photolysis of ICN in acetonitrile solution requires information from both TEAS and TVAS experiments. The TEAS measurements identify the production, solvation and loss of CN radicals and are reported first because they establish the timescales for reactive removal of CN. The TVAS measurements examine the products of CN radical reactions, as well as geminate recombination of CN with I atoms.
Comparison of the product-formation timescales with the CN-loss rates obtained by TEAS reveals reactive pathways and provides evidence for intermediate species that are not directly observed in our experiments. We concentrate first on the ICN/CH3CN and ICN/CD3CN
solutions to establish the processes that occur when CN is produced photolytically in acetonitrile, and then consider the changes that result from addition of THF or methanol. Figure 1 shows TEA spectra of 290 mM ICN in CH3CN following 267-nm UV excitation.
TEAS of Solution of ICN in CH3CN Following 267 nm Excitation
The spectra can be decomposed into three contributing features, in accord with prior analysis by Rivera et al. and illustrated for a TEA spectrum obtained at a time delay of 0.6 ps in Fig.   1 (b). 30 We performed this decomposition in the KOALA program. 31 Figure 1(c) shows exponential fits to the time-dependence of the intensities of these three spectral features, and the corresponding time constants are summarized in Table 1 .
A sharp band centred at 389 nm at early time delays grows within our instrument response limit (~ 200 fs) and decays with a time constant of 0.6 ± 0.1 ps (Fig. 1(c) ). The location of this peak matches the B ← X electronic transition of the CN radical in the gas phase, and in agreement with Rivera et al. and Crowther et al., we assign it to non-solvated ("free") CN 7 radicals. 23, 24, 30, 32 In response to the decay of the non-solvated CN radicals, we see evolution of a broad new component peaking to the shorter wavelength side of the non-solvated CN radicals with a time constant for growth of 0.6 ± 0.1 ps. Given this correspondence between time constants, we assign this broad feature to solvated CN radicals, although a contribution from I atoms must also be considered. Similar correspondences between decay of free CN radicals and growth of solvated CN radicals are also observed in other solvent systems. 21 Following its rapid growth, the solvated CN radical absorption decays, and as Figure 1 band of spin-orbit excited and solvated I*( 2 P1/2) atoms. 30 The corresponding band of groundstate I( 2 P3/2) atoms lies to shorter wavelength and partially overlaps the solvated CN absorption band. The I* CT band decays rapidly because of spin-orbit relaxation, as shown in Fig. 1 Therefore, TEA spectra for solutions containing THF are not shown and discussed. Table 1 . The long-time decay of intensity in the region spanned by the solvated CN band is a consequence of an overlapping solvent-I atom charge transfer band.
Solvated CN
Free CN I*
TVAS of Solutions of ICN in CH3CN Following 267 nm Excitation
One pathway for reaction of CN radicals with CH3CN might involve the H-atom abstraction of Equation (2) The band centered at 2068 cm -1 is assigned to the C≡N stretching band of INC(v=0) formed by geminate recombination on the basis of our and others' prior observations. [17] [18] [19] [20] [21] [33] [34] [35] [36] This assignment is further supported by the fact there is no isotope shift when CH3CN is replaced by CD3CN. The INC(v=0) band grows with a time constant of 7.7 ± 0.7 ps in CH3CN that is commensurate with the loss of CN seen by TEAS with  = 8.5  2.1 ps, followed by a more gradual increase with a time constant of 341 ± 21 ps. In addition to the fundamental C-N / CD2CN bands in proximity to the observed features and with the correct isotope shifts.
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These measurements and calculations are reported in the Supporting Information.
Consequently, we assign these peaks to the radical products of addition of CN to acetonitrile:
Our DFT calculations identified numerous C3H3N2
• (or C3D3N2
• ) adducts lower in energy than separated CN and CH3CN (see Supporting Information for further details), but on the basis of computed vibrational frequencies, isotope shifts and band intensities, our preferred assignment is to H2C=C=NCHN in CH3CN and D2C=C=NCDN in CD3CN, with the structures shown in and k1 = (9.2 ± 2.8)  10 -2 ps -1 and k2 = (3.1 ± 0.5)  10 -2 ps -1 for CD3CN solutions. 
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The weak TVAS band at 2092 cm -1 in CH3CN (Fig. 2(a) 
Effect of adding methanol on HCN formation in acetonitrile 17
The data presented in Section 3.2 showed that the peak intensity of the HCN fundamental band in CH3CN solution is weak because of competition between H-atom abstraction and addition reaction pathways. We explored this competition further by adding organic co-solutes to the ICN solutions in acetonitrile, the first of which was chosen to be methanol. The HCN band rises with a time constant of 39 ± 3 ps following an initial induction of ~10 ps and shows an almost constant absorbance after ~120 ps. This kinetic behavior, with a delayed onset to the growth of the band, indicates that higher vibrational levels of the HCN are formed from the reaction and that vibrational relaxation processes from the higher levels to the ground state take place on this timescale, as previously was argued by Rose et al. 17, 18 The HCN (0) band intensities are well fitted by a stepwise kinetic model describing this behavior (Fig. 4(c) ). Table 3 . These time constants can be inverted to give pseudo-first order rate coefficients because both acetonitrile and CH3OH are in considerable excess over CN radicals. If these relaxation steps are indeed rate limiting, the rate of HCN(0) formation is given by:
With the pseudo first order rate coefficient:
A linear fit to a plot of 5 ′ against [ 3 ] is shown in Figure 5 and gives a gradient of (5. Based on the above kinetic model, the HCN* and HCN(0) formation rates are given by:
We observe the build-up of ground-state HCN(0) by TVAS, regardless of whether it forms from CN radical reactions with CH3CN or THF, so these reactions are not distinguished in (8) but the experimental data demonstrate that the reaction with THF dominates. The reactive step is significantly faster than the vibrational relaxation processes, and a reduced model that describes our observations is therefore:
in which 9 ′ and 10 ′ are pseudo-first order rate coefficients for vibrational relaxation.
These two first-order rate coefficients relate to the bimolecular rate coefficients for reactions (9) and (10) via: Much faster quenching by THF than by CH3CN means that the differences in the rates of the HCN**HCN* and HCN*HCN(0) steps are not as pronounced. The yield of HCN from the reactions of CN radicals with the solvent is low in comparison to studies in other common solvents, [17] [18] [19] because a second pathway involving CN addition to the nitrile group of acetonitrile competes effectively. This addition can lead to numerous thermodynamically favored product radicals, but the evidence from our time-resolved spectra indicates production of H2C=C=NCHN following formation of an initial, unidentified radical adduct. Other radical products may form, but not be observed because they lack strong IR bands in the spectral region covered.
When THF or methanol is added to the ICN/CH3CN solutions and the ternary mixture is photoexcited, the faster abstraction of an H-atom from these co-solutes competes with the addition reaction of CN to acetonitrile. The TVAS measurements provide evidence of formation of vibrationally hot HCN, as was previously reported for CN reactions with other organic molecules in chlorinated solvents. [17] [18] [19] Our data for CN radical reactions with THF in acetonitrile are best explained by a mechanism in which the HCN forms with two or more 
